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(57) ABSTRACT 

A GaN-based semiconductor device includes a silicon Sub 
strate; an active layer of a GaN-based semiconductor formed 
on the silicon substrate; a trench formed in the active layer and 
extending from a top Surface of the active layer to the silicon 
substrate; a first electrode formed on an internal wall surface 
of the trench so that the first electrode extends from the top 
surface of the active layer to the silicon substrate; a second 
electrode formed on the active layer so that a current flows 
between the first electrode and the second electrode via the 
active layer; and a bottom electrode formed on a bottom 
surface of the silicon substrate. The first electrode is formed 
of a metal capable of being in ohmic contact with the silicon 
substrate and the active layer. 
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FIG. 4A 
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FIG. 5A 
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GAN-BASED SEMCONDUCTORDEVICE 
AND METHOD OF MANUFACTURING THE 

SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims priority from a Japanese 
patent application serial No. 2007-297732 filed on Nov. 16, 
2007 and a Japanese patent application serial No. 2007 
297733 filed on Nov. 16, 2007, the entire contents of which 
are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. The present invention relates to a GaN-based semi 
conductor device such as a GaN-based hetero-junction field 
effect transistor (HFET) or the like and a method of manu 
facturing the GaN-based semiconductor device. 
0004 2. Description of the Related Art 
0005 Patent Reference 1 has disclosed a conventional 
GaAS-FET. FIG. 10 shows the GaAS-FET disclosed in Patent 
Reference 1. The GaAs-FET has a source electrode (a first 
conductor) 2, a drain electrode 4, and a gate electrode 3 on a 
Surface of a GaAs semiconductor Substrate 1, and a bottom 
electrode (a second conductor) 7 on a bottom surface of the 
semiconductor substrate 1. The GaAs-FET is provided with a 
via hole 8 connecting the source electrode 2 and the bottom 
electrode 7 in the semiconductor Substrate 1. The via hole 8 is 
filled with a third conductor. The GaAs-FET has an insulating 
film 6 formed between the third conductor in the via hole 8 
and the semiconductor Substrate 1. 
0006 Generally, in the FET of a planar type, three bonding 
pads are required for three electrodes, thereby increasing a 
size of an element. Therefore, in the GaAs-FET shown in 
FIG. 10, the via hole 8 is formed from a bottom surface of the 
substrate 1, so that the bottom electrode 7 and the source 
electrode 2 are electrically connected, thereby reducing one 
of the three bonding pads. Further, in order to prevent a 
breakdown voltage from lowering, a portion of the via hole 8 
is covered with the insulating film 6. 
0007 As opposed to the GaAs-based material, the GaN 
based semiconductor material has a larger bandgap energy 
and high heat resistance capable of operating at a high tem 
perature. Accordingly, a field effect transistor or the like using 
the GaN-based material has been developed. 
0008 Patent Reference 2 has disclosed a GaN-based 
HEMT (High Electron Mobility Transistor) formed of a gal 
lium nitride type semiconductor compound as a GaN-based 
semiconductor device. In the GaN-based HEMT, a buffer 
layer is formed on a substrate if needed, and a carrier drift 
layer and a carrier Supplying layer epitaxially grown thereon. 
Further, an electrode is formed thereon. 
0009. In the semiconductor device of the planar type, it is 
possible to obtain a large electric power with a small area. 
However, a current density flowing in a wiring portion tends 
to be large, and electro-migration (or a disconnection of the 
wiring portion) tends to occur. In the planar device (or planar 
power device), an electrode is often formed in a comb shape. 
Accordingly, the current density may exceed 2x10 A/cm, 
there by making it difficult to obtain sufficient resistant to the 
electro-migration (EM) with an electrode formed of Au or Al. 
In order to solve the problem, it is necessary to provide a 
structure for reducing the current density. 
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0010. To this end, a thickness of an electrode increases for 
reducing the current density, or a portion of a source electrode 
is grooved for flowing a current vertically. In order to suffi 
ciently reduce the current density, however, it is necessary to 
increase the thickness of the electrodes up to 20 Lim while the 
electrode has a width of 10um, thereby increasing a height of 
the electrode. When the electrode has an excessive height, the 
electrode may be broken upon resin molding. Further, the 
electrode may be disconnected or a passivation film is cracked 
due to a thermal stress or the like. When the portion of the 
Source electrode is grooved, it is possible to drastically reduce 
the current density less than 1 kA/cm. Patent References 3 
and 4 have disclosed technologies for flowing a current ver 
tically. 
Patent Reference 1: Japanese patent publication No. 
O5-021474 
Patent Reference 2: Japanese patent publication No. 2006 
173582 
Patent Reference 3: Japanese patent publication No. 2006 
O86398 
Patent Reference 4: Japanese patent publication No. 2004 
363563 
0011. In the conventional GaN-based semiconductor 
device disclosed in Patent Reference 1, an active layerformed 
of the GaN-based semiconductor is formed on a silicon (Si) 
Substrate to form an epitaxial wafer having a large distortion. 
In order to restrain warping or crack, it is necessary to 
increase a thickness of the substrate greater than 500 um. 
Accordingly, it is very difficult to form a via hole from a 
bottom side of the substrate. 
0012 Even when the via hole is formed from the bottom 
side of the substrate, the via hole has a depth greater than 500 
um as opposed to a width of 10um. Accordingly, it is difficult 
to forman insulating film between a conductor in the via hole 
and the semiconductor Substrate deeply enough into the via 
hole. 
0013. In the semiconductor device disclosed in Patent Ref 
erence 3, a first Source electrode and a second source elec 
trode are formed separately from a via hole metal in ohmic 
contact with a conductive Substrate, thereby making a manu 
facturing process complicated and costly. In addition, it is 
difficult to form a via hole metal only in a bottom surface of 
a trench. 
0014. In the semiconductor device disclosed in Patent Ref 
erence 4, a source electrode and a via hole metal in ohmic 
contact with a conductive substrate are formed integrally. The 
source electrode is formed of a metal in ohmic contact with 
the conductive substrate and in Schottky contact with a first 
semiconductor layer and a second semiconductor layer, 
thereby increasing an on-resistance thereof. 
0015. An object of the present invention is to solve the 
problems in the conventional technologies. 

SUMMARY OF THE INVENTION 

0016. According to a first aspect of the present invention, 
a GaN-based semiconductor device comprises: a silicon Sub 
strate; an active layer formed on the silicon Substrate, said 
active layer being formed of a GaN-based semiconductor; a 
trench formed in the active layer and extending from a top 
surface of the active layer to the silicon substrate; a first 
electrode formed on an internal wall surface of the trench so 
that the first electrode extends from the top surface of the 
active layer to the silicon substrate, said first electrode being 
formed of a metal capable of being in ohmic contact with the 
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silicon Substrate and the active layer; a second electrode 
formed on the active layer so that a current flows between the 
first electrode and the second electrode via the active layer; 
and a bottom electrode formed on a bottom surface of the 
silicon Substrate. 
0017. According to a second aspect of the present inven 

tion, a method of manufacturing a GaN-based semiconductor 
device including a silicon Substrate, an active layer, a first 
electrode, a second electrode, and a bottom electrode, com 
prises the steps of forming a trench in the active layer from a 
top surface of the active layer to the silicon substrate in a 
portion of the active layer in which one of the first electrode 
and the second electrode is formed; forming an insulating 
film on an entire Surface of the active layer, etching the 
insulating film with a Reactive Ion Etching (RIE) method so 
that an entire portion of the insulating film is removed except 
a portion on an internal wall Surface of the trench; and form 
ing the one of the first electrode and the second electrode on 
the insulating film So as to electrically connect the top Surface 
of the active layer and the silicon substrate. 
0018. According to a third aspect of the present invention, 
a method of manufacturing a GaN-based semiconductor 
device including a silicon Substrate, an active layer, a first 
electrode, a second electrode, and a bottom electrode, com 
prises the steps of forming a trench in the active layer from a 
top surface of the active layer to the silicon substrate in a 
portion of the active layer in which one of the first electrode 
and the second electrode is formed; implanting ions selec 
tively in the portion of the active layer to form an ion 
implanted portion; etching the ion implanted portion to a 
depth reaching the silicon Substrate so that the ion implanted 
layer remains only on an internal wall Surface of the trench to 
form an insulating film; and forming the one of the first 
electrode and the second electrode on the insulating film so as 
to electrically connect the top surface of the active layer and 
the silicon substrate. 

0019. The above and other objects, features, advantages 
and technical and industrial significance of this invention will 
be better understood by reading the following detailed 
description of presently preferred embodiments of the inven 
tion, when considered in connection with the accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0020 FIG. 1 is a cross sectional view showing a GaN 
based semiconductor device according to a first embodiment 
of the present invention; 
0021 FIG. 2 is a plan view showing a top surface of the 
GaN-based semiconductor device according to the first 
embodiment of the present invention; 
0022 FIG. 3 is a graph showing a relationship between a 
film thickness of a Ti layer and a contact resistance with an 
active layer according to the first embodiment of the present 
invention; 
0023 FIGS. 4 (A) to 4(C) are explanatory diagrams of a 
manufacturing process of the GaN-based semiconductor 
device according to the first embodiment of the present inven 
tion; 
0024 FIGS. 5 (A) to 5(C) are explanatory diagrams of 
another manufacturing process of the GaN-based semicon 
ductor device according to the first embodiment of the present 
invention; 
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0025 FIG. 6 is a cross sectional view showing a GaN 
based semiconductor device according to a second embodi 
ment of the present invention; 
0026 FIG. 7 is a cross sectional view showing a GaN 
based semiconductor device according to a third embodiment 
of the present invention; 
0027 FIG. 8 is a cross sectional view showing a GaN 
based semiconductor device according to a fourth embodi 
ment of the present invention; 
0028 Fig. 9 is a cross sectional view showing a GaN 
based semiconductor device according to a fifth embodiment 
of the present invention; and 
0029 FIG. 10 is a cross sectional view showing a conven 
tional semiconductor device. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0030 Hereunder, embodiments of the present invention 
will be explained below with reference to the accompanying 
drawings. In the following description, similar components 
are designated with the same reference numerals, and expla 
nations thereofare omitted. 

First Embodiment 

0031 AGaN-based semiconductor device 20 according to 
a first embodiment is explained below with reference to FIG. 
1. The GaN-based semiconductor device 20 is configured as 
a GaN-based hetero-junction field effect transistor (GaN 
based HEMT, or GaN-based HFET). 
0032. The GaN-based semiconductor device 20 has a 
p-type silicon (Si) Substrate 21 doped with a p-type impurity, 
a buffer layer 22 formed on the substrate, a channel layer 
(carrier drift layer) 23 of undoped GaN layer formed on the 
buffer layer 22, and a carrier Supplying layer 24 of undoped 
AlGaN formed on the channel layer 23. The buffer layer 22 is 
a lamination structure of AlN and GaN. The buffer layer 22, 
the channel layer (carrier drift layer) 23 (or a first GaN-based 
semiconductor layer) and the carrier Supplying layer 24 (or a 
second GaN-based semiconductor layer) constitute an active 
layer 25. 
0033. Further, the GaN-based semiconductor device 20 
has a gate electrode (G) 33, a source electrode (S)31 as a first 
electrode and a drain electrode (D) 32 as a second electrode 
between which a current flows via the active layer 25 in the 
state of the gate electrode (G) 33 being forwardly biased 
(on-state), and a bottom electrode 34 formed on a bottom 
surface of the silicon substrate 21. 

0034. In the GaN-based semiconductor device 20, a car 
rier supplying layer (undoped AlGaN layer) 24 is in hetero 
junction with the channel layer (undoped GaN layer) 23, and 
a bandgap energy of the carrier Supplying layer 24 formed of 
undoped AlGaN is larger than that of the carrier drift layer 
(channel layer) 23. Therefore, a two-dimensional electrongas 
26 is generated at the hetero-junction interface. Accordingly, 
the channel layer 23 has a high conductivity with the two 
dimensional electron gas 26 working as carriers. 
0035. Further, in the GaN-based semiconductor device 20, 
a trench 27 is formed from a top surface of the active layer 25 
to a depth reaching to the silicon Substrate 21 at a portion of 
the active layer 25 in which the source electrode 31 is to be 
formed. A wall surface of the trench 27 is perpendicular to a 
lamination plane of the active layer 25. 
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0036. The source electrode 31 which electrically connects 
the top surface of the active layer 25 and the silicon substrate 
21, and an insulating layer 70 which insulate a portion of the 
source electrode 31 on an internal wall surface of the trench 
27 from the active layer 25, are formed in the trench 27. 
0037. The source electrode 31 is formed on the internal 
wall surface of the trench 27 which is formed from the top 
surface of the active layer 25 (the top surface of the carrier 
Supplying layer 24) to a depth reaching to the silicon Substrate 
21, with a predetermined thickness mentioned later. 
0038. The source electrode 31 is formed of a metal which 

is in ohmic contact with both the silicon substrate 21 and the 
active layer 25. For example, the source electrode 31 is a 
lamination of a Ti layer which is in contact with the active 
layer 25 and the silicon substrate 21 and a layer of alloy of Al 
and Si formed on the Tilayer. The drain electrode 32 also is a 
lamination of a Ti layer which is in contact with the carrier 
Supplying layer 24 and a layer of alloy of Al and Si formed on 
the Ti layer. The gate electrode 33 is a lamination of, for 
example, Ni and Au. 
0039. On the top surface of the carrier supplying layer 24 
among the source electrode 31, the gate electrode 33 and the 
drain electrode 32, a passivation film 28 is formed. On the 
passivation film 28 is formed an insulating film 29 formed of 
silicon nitride (SiN) so as to fill the trench of the source 
electrode 31. The drain electrode 32 is electrically connected 
to a pad electrode (a drain pad) 30d which is formed on a part 
of the insulating film 29 formed on the active layer 25 and 
which extends inside a through hole 29a of the insulating film 
29. 

0040 FIG. 2 is a plan view showing a top surface of the 
GaN-based semiconductor device 20. As shown in FIG. 2, on 
the insulating film 29, the pad electrode 30d and a gate pad 
33a is formed. The pad electrode 30d is electrically connected 
to a plurality of teeth.32a of the comb-shaped drain electrode 
32 via a conducting portion which extends inside the through 
hole 29a. Thus, the pad electrode 30d connects the teeth.32a 
of the comb-shaped drain electrode 32, thereby reducing a 
current density. On the other hand, the source electrode 31 (a 
plurality ofteeth of the comb-shaped source electrode) shown 
in FIG. 1 and FIG. 2 is electrically connected to the bottom 
electrode 34 formed on the bottom surface of the p-type 
silicon substrate 21. The gate pad 33a is electrically con 
nected to the gate electrode 33 shown in FIG. 1. 
0041 As shown in FIG.3, a thickness of the Tilayer of the 
source electrode 31 is preferably between 15 nm and 40 nm in 
order to obtain a good ohmic contact with the channel layer 23 
of the active layer 25. When the thickness of the Tilayer is less 
than 15 nm or greater than 40 nm, a contact resistance (Ric) 
between the source electrode 31 and the p-type silicon sub 
strate 21 exceeds, for example, 10 S2cm. 
0042 A p-type impurity concentration of the p-type sili 
con substrate 21 is preferably not less than 5x10" cm and 
not greater than 1x10 cm. When the p-type impurity con 
centration of the p-type silicon Substrate 21 is less than 
5x10" cm, the contact resistance (Rc) becomes large. 
When the p-type impurity concentration is greater than 
1x10 cm, a crystal quality of the buffer layer 22, the 
channel layer 23 and the carrier Supplying layer 24 (the active 
layer 25) deteriorates. 
0043. The above-configured GaN-based semiconductor 
device 20 can be manufactured as follows. A manufacturing 
method of the GaN-based semiconductor device 20, in which 
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the insulating layer 70 is formed of an insulating film, is 
explained herein with reference to FIGS. 4(A)-4(C). 
0044 (1) First, a p-type silicon substrate 21 is introduced 
into a MOCVD (Metal Organic Chemical Vapor Deposition) 
apparatus. A growth chamber of the MOCVD apparatus is 
evacuated to 1x10' hPa by a turbo-pump. Thereafter, a pres 
sure in the growth chamber is raised to 100 hPa and a tem 
perature of the silicon substrate 21 is increased to 600 degree 
C. After the temperature is stabilized, the silicon substrate 21 
is rotated at 900 rpm, and a trimethylaluminium (TMA) or 
trimethylgallium (TMG) and ammonia are introduced onto 
the silicon substrate 21 with flow rates of 100 cm/min or 200 
cm/min and 12 liter/min, respectively, to grow a buffer layer 
22 constituted by a lamination structure of AlN and GaN. A 
growth duration time is 4 minutes, and a thickness of the 
buffer layer is about 50 nm. 
0045 (2) Then, while the ammonia is flown with a flow 
rate of 12 liter/min, the temperature is increased to 1,050 
degree C. Trimethylgallium (TMG) and ammonia are intro 
duced onto the buffer layer 22 with flow rates of 300cm/min 
and 12 liter/min, respectively, to grow a channel layer (a 
carrier drift layer) 23 of GaN. A growth duration time is 2000 
seconds, and a thickness of the channel layer 23 is 3000 nm. 
0046 (3) Thereafter, trimethylaluminium (TMA), trim 
ethylgallium (TMG) and ammonia are introduced with flow 
rates of 50 cm/min, 100 cm/min, and 12 liter/min, respec 
tively, to grow a carrier Supplying layer 24 of AlosGaz N. 
A growth duration time is 40 seconds, and a thickness of the 
carrier supplying layer 24 is 20 nm. Thus, a lamination struc 
ture of semiconductor shown in FIG. 1 is obtained. 
0047 (4) Then, isolation mesas are formed by dry-etching 
using Cl2 etc. 
0048 (5) Thereafter, a photoresist is overlaid, and pattern 
ing is performed to form an opening in a portion at which a 
drain electrode 32 is to be formed. The drain electrode 32 of 
Ti film and an alloy film of Al and Si is formed by lift-off 
method using the patterned photoresist as a mask. 
0049 (6) Then, the photoresist is removed and a SiO, 
insulating film is formed. The SiO insulating film is pat 
terned to form an opening in a portion where a source elec 
trode 31 is to be formed. In the opening, the active layer 25 is 
removed by etching from its top Surface to a depth reaching to 
the silicon substrate 21. Thus, a trench 27 having a wall 
perpendicular to the lamination plane is formed. 
0050 (7) After forming the trench 27, the SiO, insulating 
film is removed. Then, an insulating film (SiO) 71 is formed 
on the entire surface. (See FIG. 4(A)) 
0051 (8) The insulating film 71 is etched overall (aniso 
tropic overall etching) using RIE (Reactive Ion Etching), 
leaving an insulating film only on an internal wall Surface of 
the trench 27 (see FIG. 4(B)). Thus, an insulating layer 70 
constituted by the insulating film is formed on the internal 
wall surface of the trench 27. 
0.052 (9) Then, a photoresist is overlaid, and patterning is 
performed to form an opening in a portion where a source 
electrode 31 is to be formed. Using the patterned photoresist 
as a mask, the source electrode 31 of a Ti film and an alloy film 
of Al and Si is formed by lift-off method, on an internal wall 
surface of the insulating layer 70 and on a top surface of the 
active layer 25 (see FIG.4(C)). Here, the Ti film and the alloy 
film of Al and Si are sequentially evaporated, to form the 
source electrode 31 of a lamination structure having the Ti 
layer, which is in contact with the silicon substrate 21 and the 
active layer 25, and the layer of the alloy of Al and Si, on an 
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entire internal wall surface of the insulating layer 70, with the 
above-mentioned thickness, to a depth reaching the silicon 
substrate 21. Thus, the source electrode 31 is formed in the 
trench 27. The source electrode 31 electrically connects the 
top surface of the active layer 25 and the silicon substrate 21. 
But the source electrode 31 is not in electrical contact with the 
active layer 25 at the internal wall surface of the trench 27 due 
to the intervention of the insulating layer 70. 
0053 (10) Then, the photoresist is removed and a passi 
vation film 28 is formed on the top surface of carrier supply 
ing layer 24. 
0054 (11) Subsequently, an opening is formed in a portion 
of the passivation film 28 where a gate electrode 33 is to be 
formed. Thereafter, the gate electrode 33 is formed by evapo 
rating Ni and Au in the opening. 
0055 (12) Then, an insulating film 29 of silicon nitride 
(SiN) is deposited on the passivation film 28 so as to fill the 
trench 27 of the source electrode 31. 

0056 (13) Then, a through hole 29a is formed in a portion 
of the insulating film 29 corresponding to the drain electrode 
32. A drain pad (a pad) 30d is formed on a part of a top surface 
of the insulating film 29 and inside the through hole 29a so as 
to be electrically connected to the drain electrode 32. 
0057 (14) Finally, a bottom electrode 34 is formed on a 
bottom surface of the silicon substrate 21. 

0058. Thus, the GaN-based semiconductor device (the 
GaN-based HEMT) 20 shown in FIG. 1 is completed. 
0059. In the GaN-based semiconductor device 20, in the 
state of the gate electrode (G) 33 being forwardly biased 
(on-state), a current flows from the drain electrode 32 to the 
source electrode 31 via the channel layer (the carrier drift 
layer) 23 of the active layer 25, and further flows in the source 
electrode 31 in the vertical direction, to the bottom electrode 
34 via the p-type silicon substrate. 
0060 According to the first embodiment configured as 
described above, following effects are obtained. 
0061 (A) The source electrode 31 electrically connects 
the top surface of the active layer 25 and the silicon substrate 
21. Accordingly, the source electrode 31 is electrically con 
nected to the bottom electrode 34 via the silicon substrate 21, 
and the entire bottom electrode 34 serves as a bonding pad of 
the source electrode 31. Thus, a bonding pad for the source 
electrode 31 becomes unnecessary and the number of bond 
ing pads is reduced, whereby the size of the device (an area of 
the chip) is reduced. 
0062 (B) The portion of the source electrode 31 on the 
internal wall surface of the trench 27 is not in electrical 
contact with the active layer 25 due to the intervention of the 
insulating layer 70. Accordingly, the avalanche breakdown 
due to electron injection from the source electrode 31 in the 
trench 27 into the active layer 25 is restrained. 
0063. In the above-configured GaN-based semiconductor 
device 20, the insulating layer 70 formed of an insulating film 
may be replaced with an insulating layer 70A, which is con 
stituted by an ion-implanted layer formed to have a high 
resistance by ion-implanting the active layer 25. 
0064. A manufacturing method of the GaN-based semi 
conductor device 20, in which the insulating layer 70A is 
formed of an ion-implanted layer, is explained below with 
reference to FIGS. 5(A)-5(C). 
0065. After the step (5), the following steps (6') to (8') are 
performed in place of the steps (6) to (9). 
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0.066 (6') An ion-implanted portion 73, into which ions 
are selectively implanted to have a higher resistance, is 
formed in the opening in which the source electrode 31 is to 
be formed (See FIG. 5(A)). 
0067 (7) Then, the ion-implanted portion 73 is etched to 
a depth reaching to the silicon Substrate 21 so as to leave the 
ion-implanted portion 73 only on the internal wall surface of 
the trench 27A (i.e., the interface between the ion-implanted 
portion 73 and the active layer 25) thereby to form an insu 
lating layer 70A (See FIG. 5(B)). Thus, the ion-implanted 
portion 73 is left only on the internal wall surface of the trench 
27A, and the insulating layer 70A constituted by the ion 
implanted layer having a higher resistance is formed. The 
internal wall surface of the trench 27A in this configuration 
corresponds to an interface between the ion-implanted por 
tion 73 formed in the step (6') and the active layer 25. 
0068 (8) Then, a photoresist is overlaid, and patterning is 
performed to form an opening in a portion where a source 
electrode 31A is to be formed. Using the patterned photoresist 
as a mask, the source electrode 31A of a Ti film and an alloy 
film of Al and Si is formed by lift-off method, on an internal 
wall surface of the insulating layer 70A and on a top surface 
of the active layer 25 (See FIG. 5(C)). 
0069. Here, the Ti film and the alloy film of Al and Si are 
sequentially evaporated, to form the source electrode 31A of 
a lamination structure having the Tilayer, which is in contact 
with the silicon substrate 21 and the active layer 25, and the 
layer of the alloy of Al and Si, on an entire internal wall 
surface of the insulating layer 70A, with the above-mentioned 
thickness, to a depth reaching the silicon Substrate 21. Thus, 
the source electrode 31A is formed in the trench 27A. The 
source electrode 31A electrically connects the top surface of 
the active layer 25 and the silicon substrate 21. But the source 
electrode 31A is not in electrical contact with the active layer 
25 at the internal wall surface of the trench 27A due to the 
intervention of the insulating layer 70A. 
(0070. Thereafter, the steps (10) to (14) are performed. 
Thus, the GaN-based semiconductor device 20, in which the 
insulating layer 70A is formed of an ion-implanted layer, is 
completed. 

Second Embodiment 

(0071 Next, a GaN-based semiconductor device 20A 
according to a second embodiment is explained with refer 
ence to FIG. 6. 

0072. In the GaN-based semiconductor device 20A, the 
trench 27 of the GaN-based semiconductor device 20 of the 
first embodiment is replaced with a trench 27B of an inverted 
trapezoid in cross section, with an internal wall Surface of the 
trench 27B being inclined. 
0073. In the GaN-based semiconductor device 20A, the 
trench 27B is formed in a portion of the active layer 25 where 
the source electrode 31A is to be formed from the top surface 
of the active layer 25 to a depth reaching to the silicon sub 
strate 21. In the trench 27B, the source electrode 31A which 
electrically connects the top surface of the active layer 25 and 
the silicon substrate 21 and an insulating layer 70 which 
insulates a portion of the source electrode 31A on an internal 
wall surface of the trench 27B from the active layer 25 are 
formed. Other configuration of the device is similar to that of 
the first embodiment. 
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0074 According to the second embodiment thus config 
ured, effects similar to those of the first embodiment are 
obtained. 

Third Embodiment 

0075 A GaN-based semiconductor device 200 according 
to a third embodiment is explained with reference to FIG. 7. 
0076. The GaN-based semiconductor device 200 is con 
figured as a GaN-based MOS field effect transistor (GaN 
based MOSFET). 
0077. The GaN-based semiconductor device 20O is a 
MOS field effect transistor having a p-type silicon substrate 
21, an epitaxial layer (an active layer) 41 of GaN-based semi 
conductor formed on the Substrate, a source electrode 42, a 
drain electrode 44, a gate oxide film 45 formed on the epi 
taxial layer 41, and a gate electrode 43 formed on the gate 
oxide film 45. 

0078. In the GaN-based semiconductor device 20O, a 
trench 27D is formed in a portion of the epitaxial layer 41 
working as an active layer, where the source electrode 42 is to 
be formed, from a top surface of the epitaxial layer 41 to a 
depth reaching to the silicon substrate 21. In the trench 27D, 
the source electrode 42 which electrically connects the top 
surface of the epitaxial layer 41 and the silicon substrate 21 
and an insulating layer 70 which insulates a portion of the 
source electrode 42 on an internal wall surface of the trench 
27D from the epitaxial layer 41 are formed. 
007.9 Further, the GaN-based semiconductor device 20O 
has impurity doped layers underneath the ohmic electrodes 
(the source electrode 42 and the drain electrode 44), which are 
formed by regrowth technique or ion-implant technique. The 
GaN-based semiconductor device 20O has, as the impurity 
doped layers, ohmic contact layers 46a, 46b formed under 
neath the source electrode 42 on the top surface of the epi 
taxial layer 41 (more specifically, underneath both the lateral 
upper-end portions 42a, 42b of the Source electrode 42), an 
ohmic contact layer 47 formed underneath the drain electrode 
44, and a resurflayer 48 provided for the purpose of relieving 
electric field concentration. 
0080. The epitaxial layer 41 is a p-GaN layer formed by 
epitaxilly growing GaN doped with a predetermined dose of 
Mg on the silicon substrate 21 using MOCVD method. 
0081. The ohmic contact layers 46a, 46b and 47 are 
n+-GaN layers formed by ion-implanting silicon (Si) or the 
like into the GaN-based semiconductor to respective desired 
concentrations. 
0082. The resurf layer 48 is formed by ion-implanting 
silicon (Si) or the like into the GaN-based semiconductor to a 
predetermined concentration less than that of the ohmic con 
tact layers 46a, 46b, and 47. Note that in FIG. 7, the reference 
numeral 29B denotes an insulating film. 
0083. According to the third embodiment as configured 
above, similar effects to those of the first embodiment are 
obtained, and a reliable GaN-based MOSFET is realized 
while maintaining an advantage of low on-resistance of the 
GaN-based semiconductor device. 

Fourth Embodiment 

0084. A GaN-based semiconductor device 20D according 
to a fourth embodiment is explained below with reference to 
FIG 8. 
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0085. The GaN-based semiconductor device 20D is con 
figured as a GaN-based Schottky barrier diode (GaN-based 
SBD). 
0086. The GaN-based semiconductor device 20D has a 
p-type silicon substrate 21, an active layer 55 formed of a 
GaN-based semiconductor on the substrate, a cathode elec 
trode 61 as a first electrode which is in ohmic contact with the 
active layer 55, and an anode electrode 62 as a second elec 
trode which is in Schottky contact with the active layer 55. 
I0087. The active layer 55 is composed of, for example, a 
buffer layer 52 formed of GaN-based semiconductor on the 
silicon substrate 21, a carrier drift layer 53 formed of undoped 
GaN on the buffer layer 52, and a carrier supplying layer 54 
formed of undoped AlGaN on the carrier drift layer 53. 
0088. In the GaN-based semiconductor device 20D, a 
trench 27E is formed in a portion of the active layer 55 where 
the cathode electrode 61 is to be formed from a top surface of 
the active layer 55 to a depth reaching to the silicon substrate 
21. In the trench 27E, the cathode electrode 61 which electri 
cally connects the top surface of the active layer 55 and the 
silicon substrate 21 and an insulating layer 70 which insulates 
a portion of the cathode electrode 61 on an internal wall 
surface of the trench 27E from the active layer 55 are formed. 
I0089. Further, a passivation film 28D is formed on the 
surface of the carrier supplying layer 54 between the cathode 
electrode 61 and the anode electrode 62. On the passivation 
film 28D, an insulating film 29D of silicon nitride (SiN) is 
formed so as to fill the trench of an inverted trapezoid in cross 
section of the cathode electrode 61. 
0090 According to the fourth embodiment as configured 
above, similar effects to those of the first embodiment are 
obtained, and a reliable GaN-based Schottky barrier diode is 
realized while maintaining an advantage of low on-resistance 
of the GaN-based semiconductor device. 

Fifth Embodiment 

0091 A. GaN-based semiconductor device 20E according 
to a fifth embodiment is explained below with reference to 
FIG. 9. 
0092. In the GaN-based semiconductor device 20E, a 
p-GaN layer 81 and an n-GaN layer 82 are laminated in this 
order between the silicon substrate 21 and the carrier drift 
layer (the channel layer) 23 in order to improve a vertical 
breakdown voltage of the epitaxial wafer. 
0093. In the GaN-based semiconductor device 20E, simi 
larly to the GaN-based semiconductor device 20A shown in 
FIG. 6, a trench 27B is formed in a portion of the active layer 
25 where a source electrode 31A is to be formed. 
0094. According to the fifth embodiment as configured 
above, following effect is obtained in addition to the effects of 
the first embodiment. 
0.095 That is, in the GaN-based semiconductor device 
20A shown in FIG. 6, it is possible to prevent avalanche 
breakdown caused by electron injection from the source elec 
trode 31A in the trench 27B into the active layer 25 (i.e., the 
buffer layer 22) due to the presence of the insulating film 70. 
However, the vertical breakdown voltage of the epitaxial 
wafer needs to be improved because a high Voltage is applied 
in the vertical direction of the epitaxial wafer. According to 
the fifth embodiment, since the p-GaN layer 81 and the 
n-GaN layer 82 are provided between the silicon substrate 21 
and the carrier drift layer 23, a depletion layer extends, and 
thereby the breakdown voltage of the epitaxial wafer in the 
vertical direction is improved. 
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0096. The present invention may be modified in following 
ways. (A) In the GaN-based semiconductor device 20O of the 
third embodiment shown in FIG. 7, the source electrode 42 is 
formed in the trench 27D which is formed in a portion of the 
epitaxial layer 41 where the source electrode 42 is to be 
formed to a depth reaching to the silicon Substrate 21, so as to 
be in electrical contact with both the silicon substrate 21 and 
the epitaxial layer 41. The present invention, however, is not 
limited to this configuration. That is, the present invention can 
be applied to the configuration in which the drain electrode 44 
is formed in the trench 27D which is formed in a portion of the 
epitaxial layer 41 where the drain electrode 44 is to be formed 
to a depth reaching to the silicon Substrate 21, so as to be in 
electrical contact with both the silicon substrate and the epi 
taxial layer 41. 
0097 (B) The present invention is not limited to the GaN 
based semiconductor devices described in the above embodi 
ments. The present invention can be applied to GaN-based 
semiconductor devices such as MOSFETs, diode bipolar 
transistors or the like that utilizes a GaN-based semiconduc 
tOr. 

0098 Advantages derived from the present invention may 
include one or more of the following. 
0099. According to one or more embodiment of the 
present invention, the GaN-based semiconductor device 
includes: a p-type silicon (Si) Substrate; an active layer 
formed of a GaN-based semiconductor on the substrate; a first 
electrode and a second electrode between which a current 
flows via the active layer; and a bottom electrode formed on a 
bottom surface of the substrate. The first electrode extends on 
an internal wall surface of a trench formed from a top surface 
of the active layer to the silicon substrate, from the top surface 
of the active layer to be in contact with the silicon substrate, 
and the first electrode is formed of a metal which is in ohmic 
contact with both the silicon substrate and the active layer. 
0100. In this configuration, the current flows from the 
second electrode to the first electrode via the active layer, and 
further flows in the first electrode in the vertical direction to 
reach to the bottom electrode via the p-type silicon substrate. 
Because the current flows in the first electrode in the vertical 
direction, a current density in the electrode is reduced, 
whereby the electro-migration (or a disconnection of elec 
trodes) is prevented and reliability of the device is improved. 
0101. Further, since the first electrode is formed of a metal 
which is in ohmic contact with both the p-type silicon sub 
strate and the active layer, an on-resistance of the device is 
low, and reliability of the device can be improved while 
maintaining an advantage of low on-resistance of the GaN 
based semiconductor device. Still further, a bonding pad for 
the first electrode becomes unnecessary, whereby anchip area 
can be reduced. 
0102) According to one or more embodiment of the 
present invention, the second electrode is electrically con 
nected to a pad which is formed on at least a part of an 
insulating film formed on the active layer and which extends 
inside a through hole formed in the insulating film. 
0103) In this configuration, the current density in the elec 
trode is further reduced, whereby the electro-migration is 
further suppressed and reliability is further improved. 
0104. According to one or more embodiment of the 
present invention, the first electrode includes a Tilayer which 
is in contact with the silicon substrate and the active layer. 
0105. In this configuration, it is possible to obtain a good 
ohmic contact between the first electrode and the silicon 
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substrate or the active layer. Further, since the Tilayer of the 
first electrode is in contact with the p-type silicon substrate, it 
is possible to restrain an increase in a resistance (i.e., a contact 
resistance between the electrode and the semiconductor) 
when thermally treated. 
0106. According to one or more embodiment of the 
present invention, a thickness of the Tilayer is not less than 15 
nm and not greater than 40 nm. 
0107. In this configuration, it is possible to obtain a better 
ohmic contact between the Ti layer and the active layer, 
thereby the contact resistance between the electrode and the 
active layer is sufficiently reduced. 
0108. According to one or more embodiment of the 
present invention, a p-type impurity concentration of said 
p-type silicon substrate is not less than 5x10" cm and not 
greater than 1x10 cm. 
0109. In this configuration, it is possible to reduce the 
contact resistance (Rc) between the first electrode and the 
p-type silicon substrate to less than 10 S2cm, for example. 
By setting the p-type impurity concentration of the p-type 
silicon substrate to not less than 5x10" cm, the contact 
resistance is further reduced. By setting the p-type impurity 
concentration of the p-type silicon Substrate to not greater 
than 1x10 cm, it is possible to prevent a deterioration of 
crystal quality of the active layer composed of the GaN-based 
semiconductor. 
0110. According to one or more embodiment of the 
present invention, the GaN-based semiconductor device is a 
field effect transistor having a source electrode as the first 
electrode, a drain electrode as the second electrode, and a gate 
electrode. 
0111. In this configuration, a GaN-based field effect tran 
sistor of Superior reliability is obtained, while maintaining an 
advantage of low on-resistance of the GaN-based semicon 
ductor device. 
0112 According to one or more embodiment of the 
present invention, the gate electrode is formed via a gate 
oxide film formed on the active layer. 
0113. In this configuration, a GaN-based MOS field effect 
transistor of superior reliability is obtained, while maintain 
ing an advantage of low on-resistance of the GaN-based semi 
conductor device. 

0114. According to one or more embodiment of the 
present invention, the active layer includes a first GaN-based 
semiconductor layer and a second GaN-based semiconductor 
layer having a larger bandgap energy than the first GaN-based 
semiconductor layer. 
0.115. In this configuration, a GaN-based heterojunction 
field effect transistor of Superior reliability is obtained, while 
maintaining an advantage of low on-resistance of the GaN 
based semiconductor device. 

0116. According to one or more embodiment of the 
present invention, the GaN-based semiconductor device is a 
Schottky barrier diode in which the second electrode is 
formed of a material which is in Schottky contact with the 
active layer. 
0117. In this configuration, a GaN-based Schottky barrier 
diode (a GaN-based SBD) of superior reliability is obtained, 
while maintaining an advantage of low on-resistance of the 
GaN-based semiconductor device. 

0118. According to one or more embodiment of the 
present invention, an insulating layer is formed on an internal 
wall surface of the trench, and the first 
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0119. In this configuration, a portion of the first electrode 
in the trench is not in electrical contact with the active layer 
due to the intervention of the insulating layer. Therefore, it is 
possible to prevent the avalanche breakdown due to electron 
injection from the first electrode in the trench into the active 
layer. 
0120 According to one or more embodiment of the 
present invention, a p-type GaN layer and a n-type GaN layer 
are laminated in this order between the silicon substrate and 
the first GaN-based semiconductor layer. 
0121. In this configuration, since the p-GaN layer and the 
n-GaN layer are provided between the silicon substrate and 
the first GaN-based semiconductor layer, a depletion layer 
extends, and thereby the breakdown voltage of an epitaxial 
wafer in the vertical direction is improved. 
0122) According to one or more embodiment of the 
present invention, a method of manufacturing a GaN-based 
semiconductor device including a p-type silicon (Si) Sub 
strate, an active layer formed of a GaN-based semiconductor 
on the substrate, a first electrode and a second electrode 
between which a current flows via the active layer, and a 
bottom electrode formed on a bottom surface of the substrate, 
the method includes: forming a trench from a top Surface of 
the active layer to a depth reaching to the silicon Substrate in 
a portion of the active layer in which one of the two electrodes 
is to be formed; forming an insulating film on an entire pri 
mary Surface, after forming the trench; removing the insulat 
ing film by etching the entire primary Surface by Reactive Ion 
Etching (RIE) method except for the insulating film on an 
internal wall surface of the trench; and forming the one of the 
two electrodes on an internal wall Surface of the insulating 
film so as to electrically connect the top surface of the active 
layer and the silicon Substrate. 
0123. According to one or more embodiment of the 
present invention, a method of manufacturing a GaN-based 
semiconductor device including a p-type silicon (Si) Sub 
strate, an active layer formed of a GaN-based semiconductor 
on the substrate, a first electrode and a second electrode 
between which a current flows via the active layer, and a 
bottom electrode formed on a bottom surface of the substrate, 
the method includes: forming an ion implanted high resis 
tance portion by selectively implanting ions in a portion of the 
active layer in which one of the two electrodes is to be formed: 
etching the ion implanted portion to a depth reaching to the 
silicon Substrate, leaving an ion implanted layer only on an 
internal wall surface of a trench formed thereby, to form an 
insulating film on the internal wall surface of the trench; and 
forming the one of said two electrodes on the internal wall 
Surface of the insulating film So as to electrically connect the 
top surface of the active layer and the silicon substrate. 
0.124. As described above, according to the present inven 

tion, it is possible to prevent an occurrence of electro-migra 
tion, thereby to realize a GaN-based semiconductor device of 
improved reliability, while maintaining an advantage of low 
on-resistance of the GaN-based semiconductor device. 
0.125 Further, according to the present invention, the 
number of bonding pads can be reduced and the size of the 
element is reduced thereby. Still further, it is possible to 
prevent an occurrence of avalanche breakdown and thereby to 
realize a GaN-based semiconductor device of improved reli 
ability. 
0126 Although the invention has been described with 
respect to specific embodiments for a complete and clear 
disclosure, the appended claims are not to be thus limited but 
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are to be construed as embodying all modifications and alter 
native constructions that may occur to one skilled in the art 
that fairly fall within the basic teaching herein set forth. 
What is claimed is: 
1. A GaN-based semiconductor device, comprising: 
a silicon Substrate; 
an active layer formed on the silicon Substrate, said active 

layer being formed of a GaN-based semiconductor; 
a trench formed in the active layer and extending from atop 

surface of the active layer to the silicon substrate; 
a first electrode formed on an internal wall surface of the 

trench so that the first electrode extends from the top 
surface of the active layer to the silicon substrate, said 
first electrode being formed of a metal capable of being 
in ohmic contact with the silicon substrate and the active 
layer; 

a second electrode formed on the active layer so that a 
current flows between the first electrode and the second 
electrode via the active layer; and 

a bottom electrode formed on a bottom surface of the 
silicon Substrate. 

2. The GaN-based semiconductor device according to 
claim 1, further comprising an insulating film formed on the 
active layer and having a through hole, and a pad electrode 
formed on the insulating film and extending inside the 
through hole so that the second electrode is electrically con 
nected to the pad electrode. 

3. The GaN-based semiconductor device according to 
claim 1, wherein said first electrode includes a titanium layer 
in contact with the silicon substrate and the active layer. 

4. The GaN-based semiconductor device according to 
claim3, wherein said titanium layer has a thickness of not less 
than 15 nm and not greater than 40 nm. 

5. The GaN-based semiconductor device according to 
claim 1, wherein said silicon Substrate has an impurity con 
centration of not less than 5x10" cm and not greater than 
1x10 cm. 

6. The GaN-based semiconductor device according to 
claim 1, further comprising a gate electrode, said first elec 
trode functioning as a source electrode, said second electrode 
functioning as a drain electrode so that the GaN-based semi 
conductor device functions as a field effect transistor. 

7. The GaN-based semiconductor device according to 
claim 6, further comprising a gate oxide film formed on the 
active layer, said gate electrode being formed via the gate 
oxide film. 

8. The GaN-based semiconductor device according to 
claim 1, wherein said active layer includes a first GaN-based 
semiconductor layer and a second GaN-based semiconductor 
layer having a band-gap energy greater than that of the first 
GaN-based semiconductor layer. 

9. The GaN-based semiconductor device according to 
claim 1, wherein said second electrode is formed of a material 
capable of being in Schottky contact with the active layer so 
that the GaN-based semiconductor device functions as a 
Schottky barrier diode. 

10. The GaN-based semiconductor device according to 
claim 1, further comprising an insulating layer formed on the 
internal wall surface of the trench, said first electrode being 
formed on the insulating layer. 

11. The GaN-based semiconductor device according to 
claim 8, further comprising a p-type GaN layer and an n-type 
GaN layer laminated in this order between the silicon sub 
strate and the first GaN-based semiconductor layer. 
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12. A method of manufacturing a GaN-based semiconduc 
tor device including a silicon Substrate, an active layer, a first 
electrode, a second electrode, and a bottom electrode, com 
prising the steps of: 

forming a trench in the active layer from atop Surface of the 
active layer to the silicon substrate in a portion of the 
active layer in which one of the first electrode and the 
second electrode is formed; 

forming an insulating film on an entire Surface of the active 
layer; 

etching the insulating film with a Reactive Ion Etching 
(RIE) method so that an entire portion of the insulating 
film is removed except a portion on an internal wall 
surface of the trench; and 

forming the one of the first electrode and the second elec 
trode on the insulating film So as to electrically connect 
the top surface of the active layer and the silicon sub 
Strate. 
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13. A method of manufacturing a GaN-based semiconduc 
tor device including a silicon Substrate, an active layer, a first 
electrode, a second electrode, and a bottom electrode, com 
prising the steps of: 

forming a trench in the active layer from atop Surface of the 
active layer to the silicon substrate in a portion of the 
active layer in which one of the first electrode and the 
second electrode is formed; 

implanting ions selectively in the portion of the active layer 
to form an ion implanted portion; 

etching the ion implanted portion to a depth reaching the 
silicon Substrate so that the ion implanted layer remains 
only on an internal wall surface of the trench to forman 
insulating film; and 

forming the one of the first electrode and the second elec 
trode on the insulating film So as to electrically connect 
the top surface of the active layer and the silicon 
Substrate. 


